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DIRECT MEASUREMENTS OF SKIN FRICTION ‘

By SATISH DHAW.U”

--:----- . . . --- ?..- .
SUMMARY

~ dem”oehas been developedto m.eaaurelocal skin fm”ciionon
a W Ptie W m~Utin9 b for~ exertedupon a V~J d
movable part oj the @ace of the ji!at pluta. Th.ae force+
which rangefrom about 1 miI.ligrmnto aboui 100 mi.Wgrama,
are meawred lq.tmeana oj a reuatuncedetice. The apparatua
waafirst applizd to nwaauremeni!ain the low+peed range, both
for fuminar and turbulent bou.nday hzyw8. The m.euaured
akin-jm”cthnwejicienti 8how‘ew.e.?.kntagre8ment with Bluaiua’
and Von Kchndn’s reauLta. The akiw waa then applied to
high-speed subsonic @w and th turbuknt-&in-jH.ction w-
ej’iciente wwe deterdwd up to a M’ number oj about 0.8.
A jew meaaurementain superwnic @o were also made.

This paper d.emibee the design and wnat.ructionoj the device
and the reeultaqf the meaauremente.

INTRODUCTION

An object moving through a fluid experiences a drag force
which can be decomposed into presure drag rmdskin friction.
This division is the same whether the body moves with
supersonic or subsonic speeds. At present wave drag and
induced drag are by far better understood both experimen-
tally and theoretically than skin friction and boundary-layer
sopmation. This is particularly true for supersonic veloc-
ities, but it is also curiously enough true that experimental
invwtigations of skin friction in the subsonic range and in
incompressible flow am emeedingly rare.

Recent advances in the design of high-peed aircraft and
missiles have shown that a more exact knowledge of skin
friction (and heat transfer, which is related) is of great
importance. Theory of the laminar boundary layer and of
Iaminar skin friction both in low+peed and high-speed flow
has been worked 0U6’GOa considerable extent in the course
of the last decade. In spite of the lack of detailed experi-
ments on larnimr skin friction, it is generally felt that the
theoretical results are adequate and trustworthy up to Mach
numbem of the order of 4. Beyond this range, for hyper-
sonic velocitiea, new effects such as dissociation, variable
Prandtl number, and so forth appear and the present theory
does not seem to be adequately explored.

Turbukmt skin friction, on the other hand, presents a
much more serious problem. The understanding of turbu-
lent shear flow, even in incompressible flow, is inadequate
rmd it is at present not possible to formulate a complete
theory without recourse to empirical constants. Even if it

is assumed that low~peed turbul~t skin friction is known,
say from Von IGirmfi’s logarithmic laws with empirically
determined constants, the question of how to continue these
laws to high velocities and to supersonic flow arises. This
question was first discussed by Von K&rm&nin his Volta
Congress paper in 1935 (reference 1) and has since then
attm.ctid a large number of investigatio~, for example, by
~ankl and Voishel (reference 2), Ferrari (reference 3); Van
Driest (reference 4), Li and Naganmtsu (reference 5), and
so forth. The net re8ult of all ‘these investigations is a set
of curves of skin friction against Mach number (at constant
Reynolds number) which are bounded by Von K6xm6n’s
remdts for incompressible and compressible flows. That is,
the general trend is a decrease of skin friction with Mach
number as in laminar flow. However, this decrease may
be larger or smaller depending upon the assumptions made
in the analysis. None of the assumptions made have a
theoretically convincing r-on, because of the present lack
of lmowledge of turbulent flow. It turns out that Von
K&rm&n’soriginal assumption, which is also the simplest,
gives so far the largest decrease in skin friction with Mach
number; for example, the ratio of compressible to incom-
pressible skin-friction coefficient at a Mach number of 2
and a Reynolds number of 1,000,000 is approximately 0.66
accord~ to Von K&rm&n.

Hence, it is evideat that the differences between various
theories are anything but minor. In fact, the d.iilerences
at Mach numbers of the order of 2 are so large that perform-
ance computation b-d upon one or the other of the
theoretical skin-fiction coefficients result in very large, and
sometimes decisive, differences. It k clear, therefore, that,
besides the fundamental interest in turbulent boundr@
Iayem, the determination of high-spded skin friction is of
paramount technical importance today.

The present investigation waa undertaken with tlm aim
of developing an instrument capable of measuring skin
friction in high-speed flow. The program consisted of four
parts:

(a) A survey of possible methods of determining skin
friction with the aim of selecting the most promising one for
further development. The result of this study su.g@sted
direct measurement of local skin friction. This is carried
out by measuring the shear force exerted upon a small
movable
pickup.

part o~ a solid boundary by means of n rcnctance
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(b) The design and construction of the device, including
d?tailed studies of necessary toleranc~s and sensitivities.

(c) The application of the device io.skin-friction measure-
ments in incompressible flow where the results can be com-
pared both with measurenumts by other means and wi$h
theory. #

(d) The measurement of skin-friction wefficicmti in bigh-
speed and supersonic flow.

The second part of (d) -ivas,unfortunately, not completely
accomplished. Ordy a few measurements in supemonic flow
with doubtful flow conditions were tied out. This is due
to purely external reasons and not due to a failure of the
device. The main aim of the investigation w= the develop-
ment of the app~tus, a determination of its accuracy, and
a demonstration of its applicability. .

This work was conducted at GMXJIT under the sponsor-
ship and with the iinancial assistmce of the National
Advkory Committee for Aeronautics as part of a long--e
investigation of boundary-layer phenomena at high speeds.
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Cf Iocal skin-fiction coefficient
%{ local skin-friction coefficient in incompressible flow
Cfo Blasius value for lowtl skin-friction coeiliciant
Acf=c,—cfO

specific heat at constant pmsure
specific heat at constant volume
ratio of displacemait to momentum thicknes (a*/O)
ratio of displacement to momautum thiclmess in

compressible flow
ratio of displacement to momentum thickness in

incompressible flow
heat conductivity of fluid
local Mach number J
free-stream Mach number
J?randtlnumber (jcp/k)
local static pressure
total head (iipact presure)
10Cfdtotal head

dynamic pressure of free stream
(:’. U’)

heat fimv per unit time per unit area through surface
gas constant
Reynolds number (Uz/v)
static temperature of fluid ,
static temperature at outside edge of boundary layer
stagnation temperature
wall temperature
velocity at outside edge of boundary layer -
velocity component in boundary layer parallel to

surface
effective velocity obkined from Stanton tube reading
output of transformer, volts
coordinate along surface in direction of flow-
coordinate normal to surface

o
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E
P
‘1
‘.
To

( )=

rtd of specific heats (cP/c,)
boundary-layer thiclmess
displacement thiclmess
height above wall
Blasius’ dimensionless coordinate normal to surface

km
mornantum defect thickm%s
momentum defect thickness ~ incompressible flo~v
codlicient of viscosity
kinematic coefficient of viscosity (j/p)
coordinate along surface in vicinity of gap 1
fluid density
fluid densi@ at outside edge of bo~dary layer
fluid density of uniform flow
shearing stress at surface (skin fiction)
value at wall

EXPERIMENTALMETHODSOF SKIN-FRICTION
MEASUREMENT

Under the a.smmption of continuum flow and no slip at the
solid surface the intensi~ of skin friction r. d any point on
a solid surface in a flowing gas is given by

coeflicie,ntof viscosity
velocity component in boundary layer parallel to

surface
coordinate normal to surfaoe

l?or the flow of gases at temperature and pressures at which
the mean free paths of the gas molecdcs are small compared
with ,the physical dimerisions of the system, the slip at the
solid boundq is negligible. The following discussions will
apply to caseawhere these conditions are realized.

The above eiprcssion for skin friction is valid for lami.rmr
and, because of the existence of the sublayer, also for turbu-
lent boundmy ]~yOI’S. In general, experimental attempts at,
measurement of the skin friction. may be classified into
two main types:

(a) Those which endeavor to determine the components
of the.righ&hand side of the above equation

(b) Those which rely on a’bulk menaurement of the skin
friction itself, or on some other physical quantity related to it,

SKINFBICIIONBYVELOCIY’Y-PEOFILE~OD

Ik the fit type of measurement of the skin friction the
physical quantities to be measured are the viscosi~ p and
the velocity in the boundary layer u. Kinetic theory and
experiment indicate the viscosity coefhcient to be ‘a function
of the absolute temperature alone. Thus a local measure-
ment of the ‘wall temperature (with, say, a sensitive thermo-
couple) is sticient to define (.u)P.~. The measurement of
the velocity a.a a function of the normal wordimto y is,
however, a more complicated procedure. Measurement of
the local velocity in moving fluids is extremely diflicult and
up to the present time no really satisfactory direct methods
exist for application to the observation of high-speed flows.
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The only lmown published measuremauts of local velocity of
interest to fluid mechanics are those of Fage and Townend
(reference 6) who used an ultramicroscope with a rotating
objective to observe boundag=layer flow in a water channel.
For most aerodpunic investigations the loqd veloci~ is
not found directly but related quantities like dynamic pr~
sure, mass flow, density, and so forth are measured. To
obtain velocity from such measurements one requires addi-
tional information about the flow.

Ii’or example, consider the three most extensively used
instruments, the pitot tube, the hot-wire anemometer, and
the interferometer. In order to obtain velocity from the
reading of a pitot tube one must lmow the 10MJstatic pres-
sure and density. For the hot-wire anemometer the local
density is required, -whileinformation about the local tem-
perature is necessary for the interferometer. In the case of
the boundary layer theoretical considerations, borne out by
experiments, show that the variation of pressure normal to
tho surface is negligible. On this assumption the experi-
mental determination of static pressure in the boundary
layer is simplified to a local measurement on the surface.
(Since the pressure is meaaured at the wall and its variation
is small, the assumption of constant p through the boundmy
layer introduces only secondarder errors in a skin-friction
measurement.) However, for the instruments mentioned
nbove, for each determination of velocity one would still
have to make at least one additional measurement apart
from the reading of the instrument itself.

1~ determining skin friction from the slope at the wall of a
measured velocity profile, errors in measurement of the pro-
filo directly affect 7.. A method which is not so sensitive
to the portion of the velocity profile in the immediate
neighborhood of the wall is provided in principle by Von
IUrmin’s momentum integral. The basic consideration
underlying this is the fact that the frictional force on the
surfnce must appear as a momentum defect in the rest of
tho boundary layer. For the case of steady twodimen-
sioncd flow past a flat surface one obtains

TO 1 dU 1 dp,
‘–x+o [(:+2) ~~+P, dxplU2—dz 1——

where PIand U me the density and velocity just outside the
bounda~ layer, o and ~ are deiined by

6 displacement, thickness
(J@%)’”)

and x is the coordinate in the direction of the flow. Sevexal
protlles in the region of determination of re would now have
to be measured so that the derivative of 0with respect to z can
bo found. This method, while not sensitive to errors in u
close to the mill, involves the added complication of knowing
U, PI,and 0 as functions of z. Its application is more prac-
ticrd in the case of uniform flow paat a flat plate w-henthe

pre9sure gradient in
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the %-direction is also zero :and the
above expression is reduced to

The uso of this method does not, however, eli&.nate &e
difficulties in the determination of velocity frorni.a presstie
or momedtum measurement. .;, ,

NOTES ON INSTRUMENIW USED IN MEASU12F~ OF ,
VELOCITY PROFIL13S . .

Pitot (or total-head) tube .—The specialized form of the
pitot tube usually used for boundary-layar measurements
consists of a small bore tube (of the order of 0.05-in. diam.)
With its mouth flattened out to form a narrow rectangular
opening. The impact pressure at the mouth is proportional
to PU2and is usually measured on a mercury or alcohol
manometer, As mentioned before, in order to obtain ve-
locity from the reading of such an instrument one needs a
lmodxlge of either p or T. For nondissipative flows with
speeds below the speed of sound, the assumption of isentropic
deceleration at the tube mouth is closely fulfilled and ~e
velocity u is related to the impact pressure p by .

1,;.:

.=~2c9T0[l-@7 .

..
where
TOstagnation temperature -
y local static premure
-f= Gp/c,

CPand c, being the speciiic heats at constant pressure and
constant volume, respectively.

The stagnation temperature T. may b~ measured at some
convenient reference point in ‘the flow, for emmple, in the
case of a wind tunnel, in the reservoir or settling chamber.
At supersonic speeds a shock wave appears in front of the
tube mouth and the entropy loss through this must be taken
into account. By assuming the shape of the shock wave to
be straight and normal to the flow direction the velocity can
stiJlbe calculated by use of the vmll-known Rayleigh pitob
tube formula

w-hereill-is the local Mach number just ahead of the”tube
(in tint of ,the shock wave) and PO’, the impact-pressure
reading of the tube (behind the normal shock wave). The
two pitot-tube formulas become identical at JLf=1.’

For a skin-fiction determination with a pitot tube one
would then have to lmow the fol.lo~:

(a) The impact pressure indicated by the tube as a func-
tion of y within the boundary layer

(b) The static pressure at the point of measuranent
(c) The tempera~e distribution in the boundary layer .
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By assuming the total temperature to be constant through
the boundary layer the temperature measurement is very
much simplified, but such an assumption causes some error
in the value of the shearingstress. This assumption amounts
to taking the value of the Prandtl number &= WP/k=1.
Since for actufd gasm Pr= 1 (for air 0.724), the error is not
large at low speeds but increases rapidly with increasing
Mach number. h approximate estimate of the error in
TOcaused by such an assumption may be readily obtained.
For points in the boundary layer very close to the wall the-
flow may be considered incompressible so that the pitot tube

reads B=p+~ puz. The pressure p is measured on the sur-

face and is apprcmimately constant through the boundary
layer. I?rom this,

For y+O,
B

()
;— 1 +() and the second term on the right-hand

side is negligible as compared with the fit. Therefore, for
small values of y,

Also, the viscosity coefficient is approximately

so that the shear stress at tho wall

du()‘0= ~aj’= a T.

Now

Ta= To–F(Pr) :
P

where F(Pr) is nearly P+’g for, laminar and P# for tur-
bulent boundary layer-s. Hence, by using Tu= To the
shearing stress would be directly in error. For the typical
case of an insulated flat plate at M= 1.5 this error would
amount to approximately 5 percent. At higher Mach
numbers the errors would be even greater.

It is interesting to note the improverpent in accuracy if an
actual measured value of the vml.1temperature T= is used

Ifor the determination of r.. The errors in % ~ due to tem-

perature are practically eliminated. The main limitation

~
now h in the determination of ~ .dy

Because of the iinite

size of the pitot tube, B cannot be measured right up to
the wall. Another error introduced by the finite size of the
pitot tube in boundary-layer measurements is due to the
transversal total-pressure gradient in the boundary layer.
The average indicated by the tube does not correspond to the
velocity at the center of the tube but to that at some point
which is shifted horn the center toward the region of higher
velocity. In a measurement of the velocity proiile in a given

‘ boundary layer this error is emphasized for points close to

the wall. For a tube with a rectangular opening of 0.006
inch this shift is of the order of 0.001 inch, in a velocity gra-
dient duldy m10° feet per second per foot (repreaontntivo of a
typicrd laminar boundary layer at a Mach number of approx-
imately 1.4 and a Reynolds number, based on a 10-om length,
of 10~. In actpl use the shift can be approximately
accounted for (see reference 7 for details).

Stanton tube,-Tho Stanton tube is a modification of the
pitot tube which gives an indication of the shearing stress on
a surface. It consists of a small tube \tith a hole in its side
(see sketch). The tube projects a small distance (of the order

I

I

./
/

///

I

.

of 0.005 in.) horn the surface on which the friction is to be
measured and the opening in the side of the tube faces the
direction of flow. The end of the tube is ground flat to form
a razor-sharp lip with the opening. For a distanco e very
close to the surface (thiswould have to be within the lamimw
sublayer in flows with turbulent boundary layers) one has
appro.simately

where u, is the eflective velocity corr~pon&g to the tubo
pr~ure reading and the subscript w denotes conditions nt the
wal!. The surface tube may thus be useftiy employed for
indications of changes in 70 (see reference 8 for emrnple of
use). However, because of the unprecise definition of tho
quantity u. as measured by the tube and the extreme sensi-
tivity to ~, the height of the tube abovo the surface, this
method is not recommmded for absolute measurement of ~O.

Hot-wire anemometer.-The .hot-wire anemomotor cle-
pends for its measurement of. velocity on the heat loss from
a very small diameter (of the order of 0.0005 in.) wire which
is heated electrically. For a given temporaturo diflerenoc
between the heated wire and the surrounding air the amount
of heat transferred is proportional to the square root of the
mass flow pu. In order to fmd the velocity w from the mass
flow one must known the density p. For the moaauremont of
mean velocity in boundary layers at low speeds, where tho
effects of compr=ibility can be’ neglected, the hot-wiro
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rmemometeris used as a calibrated instrument. The calibra-
tion is performed under controlled conditions, for example, in
a wind tunnel with a low turbulence level. In this range the
sensitivity rmd accuracy of tl& instrument are well-estab-

.Iisbed. At high speeds the law of ●heat transfer deviatea
considerably from the one at low speeds. In particular, the
effects of temperature and density gradients on the reading
of the instrument under these conditions are not yet EWM-
lislmd (see reference 9 for some recent work on this subject).
Since a hot-wire haa to be calibrated under conditions which
cannot be exactly reproduced during boundary-layer meas-
urements, such effects may cause large changes in the cali-
bration constants. Until the behavior of hot-wires in high-
spbed, particularly supersonic, flow is well-@ablished, it is
felt that this instrument is unsuitable for precise mewure-
menta of boundary-layer flow at high speeds.

Interferometer,-The interferometer measurea directly
tho change in density with reference ta some known value
(see reference 10 for an account of the theory of operation of
this instrument). Since the interferometer leaves the flow
undisturbed, it seems, at tit sight, to be the ideal instrument
for two-dimensional boundary-layer” measurements. There
me, however, serious limitations to its use for such work.
These are due to:

(a) Errors arising from the refraction of the light travers-’
ing tho boundary layer

(b) Presence of side-wall boundary layers m wind tunnels
(c) Transverse contamination of laminar boundary layers
The errors due to rehaction are quite complex. As a ray

of light traveraes the boundary layer, it tracea a curved path
instead of a straight one because of the existence of density
gradients in the boundary layer. Thus, two, typ~ of errors
are introduced as a result of refraction. The fit is in the
optical path length of the ray and ~e second, in the position
to which the indicated density corresponds. Further errors
result flom the fact that because of refraction a ray of light
which enters the tupnel at right angles to the side wall leavea
tho test section at an angle to the exit window or wall. This
cnusesrefraction through the window, so that the locatmn of
the apparent origin of the ray is further in error. A more
completo discussion of these errors may be found in. refer-
oncea 11 and 12. It is suf6cient to note hem that investi-
gations of the magnitudes of the refraction error show that
the indicated density profiles iD boundary-layer measure-
ments with an interferome!er may l-win error to the extent
of appro.simately 10 percent.

The second limitation, that of the presence of tumel-wall
boundary layers, affects the measured density since the
interferometer beam traverses both the wall density field as
well as the one being studied. One method of minimizing
this error is to pass the reference beam of the interferometer
also through the test section and thus cancel the effect of the
wall bouhdary layers (reference 13).

The third limitation is of primary consequence in laminar-
boundary-layw measurements. It is well-known (reference
14) that external disturbances can cause tranmtion of
kuninar flow w the turbulent type. Observations of laminar
boundary layem on flat plates show that because of trans-
verse centamination of the sides there are always regions of

turbulent flow. Again the interferometer beam integrates
the density in these regions as part of the laniinar boundary
layer and hence gives erroneous indications.

The above discussion shows that accurata measurement of
density in a boundary layer with an interferometer is far
from simple. Approximate methods of correction have been
devised by various workers (references 11, 12, and 15). It
is felt that the techniques so far developed are inadequate,
particularly for taking the rather serious refraction error
into account. In addition to these diiliculties in the meas-
urement of density one stillhas the basic problem, mentioned
before, of obtaining veloclty from the reading of the instru-
ment. .Knowiqg p, one still needs the distribution of the
static temperature through the boundary layer for a calcu-
lation of u. One may proceed to use theoretically calculated
temperature distributions in the boundary layer (e. g., in
refqrence 16) or, alternatively, use a pitot tube to supplement
the interferometer. In this connection the use of a tOtal-
head tube is considered to be an improvement over the iirst
method of assuming theoretical distributions of temperature
in the boundary layer and using the interferometer as a
primary measuring - instrument. The reading of a pitot
tube (apart horn errors due to iin.itesize) is proportional to
P& and, for all practical purposes, is independent of theo-
retical assumptions. Hence this, with an accurate inde-
pendent measurement of p, should give a fairly reliable
determination of the veloci~.

MEASUBBMJ3NT OF S~ FRICTION BY DIREH METHODS

The preceding discussions show that experimental deter-
mination of skin friction by the indirect method of velocity-
distribution measurement in thin boundary layem is subject
to many errors. The shearing stress TOhas to be determined
by diilerentiation, either of measured velocity profiles or of
slowly varying parameters (the loss of momentum in the
boundary layer). Even when the quantities to be differ-
entiated are themselves measured comparatively accuratdy
the resuh of clillerentiation can be quite inaccurate.

The second type of skin-friction measurement, relying on
a direct or bulk measurement, may be performed in principle
in two ways: ,

(ri) By a heaMransfer measurement
(b) By a direct force determination
Skin friction by heat-tiansfer measurement.-The hea~

transfer method depends on Reynolds’ analogy between the
transport of momentnm and the transfer of heat. If q. is
the heat flow per unit time from a unit area of the surface
and k is the heat conductivi~ of the fluid, then .

r’)qo=k a—
by m-o

where T is the local temperature. The analogy with the
expressionfor the intensity of skin ,frictionisat once apparent.
For the case of two-dimensional flow with the Prandtl num-
ber cpp/k=1 the temperature T is a parabolic function of the
velocity u alone. In such a case the heat flow q. and the
wall shearing stress ro may be explicitly related by an ex-
pression (reference 17) of the form:
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where
T,
Tw
u
M,

L) [qo_T1 k——— —
To u v-o -M’’-(%)]

temperature of bee stream
wall temperature
velocity of “freestream
lMach”number of free stream

In the above relation assumptions of laminar flow and
eqlml orders of magnitude for the viscous and ~ermal
boundary layem are inherent. It is easily seen that @i-
mdes of skin fkiction can be obtained by m&surernent of
gO and the other quantities involved. For cases when the
.Prandti number .Wers from ‘unity but is constant and the
flow is turbulent, simihwrelations between the heat transfer
and the skin Mction may be derived (reference 18). These
relations, however, are not exact and, although they do indi-
cate the existence of a relationship between QOand r., they
are by themselves not reliable enough to form the basis of
measurements for ro. In such cases calibration procedures
have to be relied upon. Ludwieg (reference’ 19) has succes-
sfullyused this principle for the measurement of wall shearing
stresses in turbulent flows at low speeds. His instrument
consists of a small electrically heated element flush with the
surface on which the measm%ment is to be made and ther-
mally insulated from it. The heat flow q. is measured by
the amount of electrical energy supplied to the element.
The temperatures of the element and the free str~- are
measured by thermocouples. It must be pointed out that
in this case the general relation between g. and r. must be
modified tQ account for the fact that the thernyd layer and
the friction layer do not originate at the same point. Lud-
wieg calibrated his instrument by measurements of qOwith
known values of the fiction force, so that his measurements
are not affected by theoretical assumptions on the relation
behveen r. and qo. The use of this type of instrument for
high-peed flow invcAigations has, however, one serious
drawback. It is extremely diilicult to provide lmown shear-
ing stresses for calibration purposes. For instance, it is no
longer possible to use the Mown relation at low- speeds
between pressure drop in a two-dimensional channel and the
shearing stress on the walls. Furthermore, it-is open to
question whether a heatitransfer instrument calibrated in
flows with fully developed turbulent boundary laye~ can be
used for the measurement of skin friction in laminar flows,
and vice vema. On account of these dif6cuMes it was felt
that a method meamring the shear force directly wodd be
superior to the heai%transfermethod.

Direct force measurement.-In principle the method of
direct force measurement is very simple. The frictional
force is allowed to move a small element of the surface in the
direction of the flow and against some restoring force. This
movement is calibrated to indicate the magnitude of the
force. This method was.used by early inv@@ms such as
Froude and Kempf in determining the fluid resistance of
bodies in water. A more recent application is that of
Schult,z-Grunow (reference20), who used it for measurements
of r. in a low-speed wind tunnel. Since this method does
not rely on any physical assumptions regarding the nature

of the boundary-layer flow, it is inherently very suitable for
surface-friction measurements. There are, however, am-oral
diiliculties and possible soirees of error in the actual uso of
this principle, especially for applications to superaonio flow.
The moving element has to be separated from the rest of the
surface by small gaps. These may cause changes in the
velocity and pressuredistributions in their immediate vicinity
and so distort the measurements. Again, for local measure-
ments the force element has to be very small compared with
the dimensions of the body on which the friction measure-
ments are tQ be made. This is of special importance in
caseswhere there are large pressure gradients in the direction
of flow. The magnitudes of the friction forces on a small
ekuent are bound to be small so that the force-mea&ng
mechanism has to be extremely sensitive. Investigations ox
these di.ilicultiesshowed that, nevertheless, the direct forco-
measuremept method was quite fmsible and practical.

DEVELOPMENTAND DESIGNOF SKIN-FRICTION
INSTRUMENT

Although the principle underlying the direct measurement
of skin friction (as outlined in the last section) iB quito
straightforward, its actual application to flow measurements
is far from simple. This is especially true for measuremonta
at high speeds.” An instrument based on this principlo can
be used with contldence only after rather extensive investiga-
tions and considerations of the features likely to introduce
errors in the measurement. This section will be concerned
with the investigations undertaken to evaluate the appli-
cabili@- of the direct skin-friction-mewmment method and
the design of an instrument based on the results of theso
investigations. ”

The main fedmres to be investigated in determining tho
actual feasibility of the,method may be briefly summed up
as follows:

(a) Effect of the gaps in the surface on the skin-tilction
measurement

(b) The practicability of accurately measuring small
forces with apparatus having extremely small physical
dimensions

(c) The effect of external vibrations and temperature
changes on the instrument during measurement

EFFECTOFGAPS

That the gaps between the surface of the flat plate and the
force element may have some effect on the force measured is
quite olear from the fact that in the gaps the condition of no
slip at the surface is no longer satisfied. The break in the
continuity of the boundary may be regarded M a sudden
disturbance in the slope of the velocity profle at the wall
(i. e., the shearing stress r.). The magnitude of this dis-
turbance evideutly depends on the dimensions of tho slot
as well as the characteristics of the flow in its vicinity. The
fact that for small surface gaps the disturbance in pressure is
negligible forms the basis of the well-lmom method employed
in the measurement of static prwsurcs in moving fluids.
Sire% pressure and velocity disturbances are related, it is
reasonable to expect that for small gaps the associated
velocity disturbance would also be small. In order to
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substantiate this heuristic reasoning and to arrive at a some-
what more precise idea of the ‘%rnallnes” of the gaps which
would not disturb the velocity profile, teats were made on
flat plates with slots in the surface. A slot width of 0.01
inch was used for the study in supersonic flow. This slot
dimension was chosen as being a practical ono for actual use
in the instrument to be developed. The flow over the plate
surfnco wws observed by means of schlieren photographs.
Figures 1 and 2 are typical scblieren photographs of the flow
pnst the slots with Iamirmr and turbulent boundary layer,
respectively. It wm found that the plate surface and the
element lmd to be in the same plane to ahncst an optical
degree of flatness before the shock waves disappeared on the
scldieren. The laminar-boundary-layer photograph (fig. 1)
indicates no detectable disturbances due to the presence of
tlmslots. In the turbulent case (fig. 2), (there being a steeper
velocity gradient at the plate surface) very faint waves can be
seen originating at the gap locations. In order to catimate
the strength of thesewaves, an attempt was made tq measure
the pressure rise through them by means of a 0.04-inch-
dktmeter static-pressure probe and an alcohol manom6ter.
No indication of pressurevariation could be obtained. Since
experience with similar probes has shown the instrument t.o

ffowfromfefttorfgh~
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bean extremely sensitive one, it was concluded that the effect
of the slots was ne@.igible. This conclusion was further
confirmed by a detailed exploration of veloci~ proiiles in the
vicinity of a sample slot. The prcdk on a flat “plate with
a relatively large slot of about 0.2 centimeter were measured
with a 0.0005-inch-diameter platinum hot-wire. Since the
boundary layers at high speeds are too thin to allow accurate
profle detemnkwtion, these measurements were carried out
in a low-speed wind tunnel. The boundary layers were
relatively thick (about 1 cm) and the hot-wire measurements
quite accurate. In order to retain some measure of dynamic
similarity with the slot in the high-speed tunnel, the Reynolds
number based on the gap width and free-stream velocity,
densi@, and viscosity was kept approximately the same in
the two cases. The results of these measurements are shown
in @me 3. The slope and shape of the velocity profles in
the vicinity of the slot, and hence the shearing stress, are seen
to be.essentially unaltered by the presence of the slot. It is
interesting to note the profile measured in the gap itself.
A small finite velocity is indicated at the T@ level, but the
slope of the rwt of the profle is not sensibly affected. The
proiile immediately behind the slot does not indicate any
trace of the disturbance. The velocity profiles shown in
iigure 3 are for a turbulent boundary layer on the flat plate.
The eilect of the gap on a surface with laminar boundary
layer would be eve~ &-s.
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MEASUREMENT OF SMALL FORCflS .

Almost all the usual methods employed in the measure-
ment of small forces have one common feature in that they
all utilize a small linear or angular movement produced by
the force’s being measured against some mechtical restoring
force. The principal methods available are:

(a) Mechanical devices utilizing the torsion of, a thin wire
(b) Optical &ethode
(c) Resistance wire gages
(d) Reactance gages
The mechanical torsion wire is essentially very simple&d

is utilized extensively in laboratory measurements of small
forces (e. g., surface tension of liquids). Considerable effort
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was e~ended in an attempt to employ this method for the
measurement of skin-friction forces. The test setup, how-
ever, showed that it could not be used to advantage without
complicated lever systems which would d6stroy the simplicity
and accuracy of the method.

Among the optical methods the use of interferom&y for
the accurate m-urement of small displacements is mll-
known. The extreme sensitivity of this method, however,
requires almost perfect vibration isolation of the optical
elements and thus makes a practical application in a case
like the present one e.stremely diflicult. Two other optical
methods were investigated. The first of these employed
optical levers to magg small angular changes, while the
second used the fact that the width of the +fliaction pattern
from a narrow rectangular slit is proportional to the width
of the slit. While extremely simple in their application,
these methods were found to be not accurate enough.

The resistance strain gage, extensively used in experi-
mental structural analysis and recently also in &d-tunnel
balance systems, works on the principle that a change in
strain in a thin conducting wire is accompanied by a chinge
in electrical resistance of the wire. Since the percentage
change in resistance is of the same order of magnitudes the
percentage strain and the wire material ~~ot be str~ed
beyond its elastic limit, rather elaborate electrical equipment
is necessmy for precision measurements with this type of
gage. Its use is further complicated by the necessity for
temperature compensation, for changes in ttiperature
would directly affect the rmistance of the strain-gage wire.
A teat apparatus employing the wire strain gage showed that
this me~hod did not have che accuracy or stability required
for the measurement of small forces of the. order of 100
milligrams.

The reactance-type gage is similar to the resistance gage
inasmuch as it also employs a mechanical movement to
produce a corresponding change in an electrical quantity.
In this case, however, it is possible ior the percentage change
in reactance to be several orders of magnitude larger than
the percentage mechanical change. The change in reactance
can thus be easily and accurately measured. The particular
form of reactance gage or pickup chosen for the present
application is rLsmall f16-ti&*et6r, Z6-inch-long variable
differential transformer manufactured commercially (Schae-
vitz Engineering Co., Camden, AT.J.). It consists (see z. 4)
essentially of three coaxial coils, one primary and two second-
aries. A small iron core forms the controlling element of
the transforiner. The primary coil is energized with high-”
frequency (20-kc) alternating current so that the solenoidal
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force on the core is effectively eliminated. The output of
the secondary coils connected in opposition is n function of
the core position (@. 5). Tho sensitivity of tho transfommr
is of the order of 0.03 volt per O.001-inch core displacomont
at 5 volts input to tho primary. This corresponds to n full-
scale deflection on a Howlet&Packard vacuum-tubo volt-
meter. The output change is large enough for measurcmont
of core movements of less thm X0,000 inch to approxtinmioly
l-percent accuracy.
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EFFECT OF EZTERNALVIEEATIONS AND TEMPERATURE OHANQRS

Since the skin-friction instrument was intended for usc in
wind tunnels which are always subject to vibrations, actual
measurements of the frequencies and amplitude of the tumml
vibrations were made tith a standard vibiation analyzer.
These meaements showed that the predominant external
frequencies were at approximately 200 cycles per second and

-20 cycles per second. The maximum amplitudo of vibrn-
tion was about 0.001 inch at the lower frequency. In vim’
of this the core suspension system- of the instrwr ent was
designed with a natural frequency much lower (about 5 cps)
than the ex%ernalvibrations. Since the external vibrations
actually have a continuous frequency spectrum rather tlmn
just discrete frequencies, it is impossible to eliminate ontiroly
the effect of th=e vibrations. As a result the tmnsformcr
core may oscillate to a small extent about some mean posi-
tion or may be effectively displaced from its mat position,
It is therefore important to operate on u part of the output
curve (fig. 5) such that the oscillations do not make tho coro
cross the minimum or “zero” point of the curve. The effect
of the internal vibrations was further minimized by viscous
damping and distribution of the mass of the oscillating sys-
tem so that its center of gravity and center of percussion
were approximately coincident.

The transformer pickup was tested’for temperature offcch
and it wrMfound that temperature changes of &20° C hnvo
no effect on the output. In the actual design one further
precaution would be required. The link system carryiwg tllc
core must be so designed that thermal changes leave tho core
position unaffected.

SUMMARY OF DESIQN REQUIREMENTS

To summarize the above investigations the following
design requirements were set up for the shearing-stress
instrument.
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(n) The instrument is to be used primarily for tvm-dimen-
sional measurements in the GAM71T 4 by 10-inch tranEonic
wind tunnel (see reference 21 for description). The small
size of the test section demands that the instrument be of
extremely small dimensions.

(b) The moving element and the flat plate must at all
times be at the same level. Even small inclinations (of the
order of 1/50°) of the element would introduce large errors
in the measured forces. The gaps between the force element
nnd the plate surface must be as small as“possible.

(c) The force-measuring system must be sensitive enough
to measure skin-friction forces in both laminar and turbulent
boundary Inyem in the available range of Mach number and
Reynolds number (ZfSO to 1.5 and Re=104 to 10”). This
corresponds to shearing stressesranging from approximately
1 milligram per square centimeter to about 1 gram per square
centimeter.

(d) The instrument readings must be immune to vibrations
from the tunnel and to temperature changes.

DESCRIPTION

The instrument developed is shown schematically in
figure 6. The flat pltite used for the measurements is sup-
ported from the ce-tig of the tunnel. The small 0.2- by
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2.O-centimeter moving element is supported by a specially
designed four-bar linkage which allows it to translate in the
plane of the plate without rotation. The rectangular slot
in ,the plate through which the force element is exposed to
the flow haa accurately lapped sides. The gaps at the
leading and trailing edgea of the element are approximately

321f3116-0&20

0.004 inch and 0.00S inch, respectively. The element is
lapped flush with the surface of the plate after assembly.
The degree of flatness is checked by means of interference
fringes. The flexure links in the suspension system can be
replaced by links of various thickness (0.005 in., 0.01 in.,
0.025 in.), thus providing a large range of variation of the
re9tori@ force. Movement of the force element is conveyed
to the core of the transformer by a nonconducting rod and
metal-yoke arrangement. The transformer is held in position
by a brass cage which cnn be adjusted for position by means
of set screws. The linkage assembly seats in recesses in the
flat-plate support which also serves as a streamlined wind-
shield. The damping of the force element is obtained by
two dampers which are carried by the yoke of the flesure
link assembly and are immersed in Dow Corning silicone
fluid of 500-centistoke viscosity. The area of the surface
of the dampers was adjusted tb provide slightly less than

critical damping to the oscillating system. The mass of .
the damping system is also utilized to obtain coincidence
of the center of percussion and center of gravity of the link-
age. The effectiveness of damping and vibration isolation
can be seen from the sample calibration curve in figure 7.
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Calibration of the instrument is obtained by means of a
pulley &rangement with jewel bearings. The pulley was
constructed from magnesium (for lightness) and balanced in
rotation so that it introduced no errors in calibration. The
frictional torque of the jewel bearings is of the order of
104 ndligram-mntimeter and hence is negligible. A single-
fiber nylon thread provided the means of attaching small
fractional weights to the linkage during calibration. Sample
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cdibratio~ indicating the repeatability and linenri~ of
the force-measuring system may be seen in @ures 8 and 9.
The entire force linkage and coil system is enclosed in the
windshield which has a frontal area of.% inch by 2X inches.
When in use, the tilde of the windshield is sealed off from
the flow, except for the gaps around the force element itself.
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Thea6 gaps serve as vents for equalizittion of pressu.m be-
tween the inside and the outside of the force element. The
electrical leads are likewise sealed. During operation tlm
pressure across the gaps could be observed on an alcohol
manometer. One lad of the manometer was connected
to a static-pressure oriike on the plate just ahead of the
element and the other indicated the pressure inside tho
windshield.

ELECTRONIC EQUfPMlh4T AND CIRCOIT DETAIfS

A block diagram of the manner of use of the skin-friction
instrument is shown in figure 10. A prectilon Hewlett-

Wxuw=rI-tuix voltmeter-----

r-l f

IWUBB KL-ofrdtusrd for skh-fdctionlnslrmnenL

Packard low-frequency oscillator acted as the power supply
for the difhrential transformer. The output from the
secondaries connected in opposition was read on ,a H.ewlett-
Packard vacuum-tube voltmeter to an accuracy of &1
percent. Since the output is directly proportional to the
input, ‘the latter was, always kept at the same fiYe(l value
before taking a skin%ction reading. In order to avoid
errors introduced by switching, a second vacuum-tubo
voltmeter was used to read the input to the primary coil
of the transformer. The variable resistance of 20,000 ohms
(shown”in fig. 10) across the secondary coils of the hans-
former unit waa found usbful in reducing the magnitude of
the output at the “balance point” (symmetrical core posi-
tion) to approximately 0.001 volt. This effectively increased
the range of readings on ,jhevoltmeter scale.

INCOMPRESSIBLE-FLOW’MEASUREMENTS

At low speeds the ass~ption of incompressibility of the
air is a close approximation and leads to considerable .
simplification in theoretical treatment of the boundary-
layer equations. This is especially important for the cam
of lsmi.nsxflow past a flat plate at zpro incidence, for in this
case an exact solution of the Prandtl equations is possible.
This is the well-known Blasius solution. For the muoh
more complicated case of turbulent flow, theoretical solutions
of the equations are not po~ible. However, as shown by
Prandtl, Von K&r.mfin,and others, even for turbulent flow
important theoretical deductions regarding the skin fridtion
and nature of the bounda@ayer flow can be made. The
logarithmic law for skin friction at high Reynolds numbers
is a well-known example.

Ii order to establish the general validity of the present
method of measurement, the skin-friction instrument was
adapted for measurements in low-speed flow. Two types of
flow were investigated, the so-called Blasius flow and fully
developed turbulent flow past a flat plate. It is believed

.
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that the results of this investigation, apart from codrming
the accuracy of the meth?d of measurement, have some
interest and value of their own.

EXPEEfMENTAL EQUIPMENT AND S171VTP

‘ The general experimental arrangement for the low-speed
measurements is shown in figure 11. The GALCIT “Cor-
relation” tunmd was used for this investigation. This is a
specially designed wind tunnel for turbulence measurements,
with n very low free-tremn turbulence level (u’/ZJ of the
order of 0.03 percent).
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Since the magnitude of the shearing strew r. at the low
speeds and Reynolds numbers (Z7 = 400 cm/sec to 1600
cm/sec and Re = 6 X 104 to 6 X 10s) is extrwnaly sm@l,
being of the order of 1 “milligramper square wmtimeter, the
small (0.2- by 2.o-cm) element of the instrument was replaced
by a larger one measuring 1.15 by 6.3 centimeters. Pho~hor
bronze 0.005-inch-thick by fi-inch-yide flexure links were
used instead of the regular O.01-inch-thick links. This
increased the sensitihty of the force-measuring system by a
factor of approximately 4. The instrument was attached to
the flat plate by means of a metal yoke,, as shown in figure 11.
The surface used for the lowwpeed boundary=layer measure-
inents was a sharp-nosed, 12- by 36-inch flat plate made out
of ~e-inch-thick phistic material. The surface of this plate
had a highly polished finish. There was, however, some
irregularity prc9ent in the form of wavimw in the surface.
No attempt was made to remedy this because the amplitude
of the surface wavea was too small (of the order of 0.005
in. in a length of 2 ft) to be of any signiihnce. The shearing-
stressinstrument could be located in two alternative positions
on the plate. The change in position allowed an additional
variation in the Reynolds number (i. e., in addition to the
change made possible by free~tream velocity changes).
The measuring element consisted of a small piece of the
plastic (identical with the plate material) rectangular in shape
and attached to the force linkage so that the lower surface
of this element was flush with the surrounding plate surface.
The element was separated ?lom the rest of the surface (on
all four sid~) by a %-inch-wide gap. That the element

was really flush with the plate surface could be checked
accurately by means of an optical arrangement consisting
of a reflecting surface and a ma.@ify@ lens. The force
linkage system was shielded and sealed off from the flow by
a streamlined brass shield. Total-head proii.les could be
measured at either location of the shear-tress measurement
by means of a total-head tube and a portable micromt$ter
head with a least count of 0.01 centimeter. The total-
head-tube dimensions are shown in figure 12. A precisiori
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alcohol manometer of the Zahm type was used for the
measurement of pressures. Total-head or static-pressure
traverses could be made in the direction of flow by means of
a motorized traverse.

EXPEF@IENTAL METHOD .

Laminar boundary layer.—In order to establish the type
of boundary-layer flow, velocity profiles were measured on
the surface of the plate for a range of velocitie9 covering
the Reynolds numbqr range over which the shearing force
waa to be measured., These profiles (fig. 12) showed good
agreement with the theoretical Blasius profile. That the
flow was indeed laminar was further substantiated by observ-
ing laminar-boundary-layer oscillations (Tollmien-Schlich-
ting waves) by means of a 0.0005-inch-diametar platinum
hotmire placed near the surface of the plate (appmximataly
at a distance of 0.1 cm). The regular kuni.nar oscillations
could be changed to random turbulent fluctuations by in-
troducing disturbances in the boundary layer ahead of the
point of @measurement. In addition to substantiate.g the
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pressure-profilemeasurements, thisprecaution served another
significantpurpose: It removed any suspicion that the force
of friction measured by the shearing-stress instrument was
due to anything other than pure laminar flOW. It is kllOWU
that la.rnimr flow does not break down at a detinite (time-
independent) distance from tbe leading edge. Transition
to turbulent floy is evidenced by the appearance of “bumts”
of turbulent fluctuations (see references 22’ and 23) super-
imposed on the laminar oscillations. In case such bursts were
present, the fo~ measurements would not correspond to
purely laminar friction.

The actual shearing-forca measurement consisted of taking
the diilerenm of voltmeter readings with and without flow
for each point measured. This process eliminated any
possible errors due to zero shift in the measuring system.
In the earlier stages of the experiments the instrument was
calibrated before and after each set of shearing-force measure-
ments. Since the calibration (fig. 8) did not perceptibly
change, this process was latar replawd by one of making
periodic checlm. The calibration remained constant during
the entire duration of the measurements to better than 1
percent.

It was not possible to fulfill aactly the condition of zero
pressure gradient required by Blasius flow. However, the
deviation from dp/dx=O was small (Ap/g less than 1 percent)
in the range of the measurements reported, and it was
possible to adjust, the plato in pitch to give approximately
a constant favorable pressure ~tient. This was actually
measured and the force measurements were corrected ac-
cordingly when making the comparison with theory (see
section “Laminar boundaq layer”).

Since the force-measuring system of the skin-friction in-
. strument is essentially a suspension, it is affected by tilt of

the instrument. In order to determine and account for the
error introduced by chsmges in the attitude of the instru-
ment due @ deflection of the flat pla& the following pro-
cedure was adopted: The element was covered with a stream-
lined shield which left it free to move but shielded it com-
pletely from the flow. The ditlerence between the ‘ho
flow” and “with flow” -readings then gave the effect of ‘the
plate tilt. This error was determined for the entire range
of velocities since the plate deflection is dependent on the
air loads of the system. Figure 13 shows the efTectof plate
tilt on the instrument. The mean curve of tigum 13 was
then used to coqrect the instrument readings. The maxi-
mum correction was les9 than 10 percent. The scatter in
figure 13, at about 1300-centimeter-per-second free-stream
velocity, is due to imcessivevibrations induced by resonance
with a natural mode of oscillation of the tunnel. Tlie
above procedure of correction was necessaxy only for the
measurements made at the forward location (z=28.6 cm)
of the instrument. For the rear location (z=58.O cm) the
plate support was modified to increase its rigidity. This
effectively eliminated amyplate tilt.

& will be noticed from figure 14, the scatter of the ex-
perimental points is comziderably less at the rear location
than in fkcmt. During all the measurements precautions
were taken to insure that there -was no flow through the
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:aps between the force element and the plate. This was
[one by sealing the windshield onto the plata and checking
he pressure difference between its tilde and the’ plctto.
urface on an alcohol U-tube.

Turbulent boundary layer,—The experimental procwluro
or the skin-fiction measurements on the flat plate with
urbnlent boundary layer was essentially similar to thtzt
dopted for the laminar We. The boundary layer was
ripped, that is, made turbulent, by a roughness elwmmt at
he leading edge. The tj-pe of flow was identifhd by the
hape. of the velocity profle (see fig. 12) as well as by the
andom fluctuations shown by a hot-wire placed close to the
[at-plate surface. That the particular manner in which the
loundary layer was tripped was of no wsential importance to
h6 skin-friction measurements was ascertained by causing
he transition in different ways (e. g., raising the free-strmm
nrbnlence level with the help of wire screens in the tunnel or,
kwnatively, by adjusting the plate orientation so that the
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stagnation point on the loading edge was located on the side
opposite to the surface of measurement). In all themeasure- ‘
ments reported here the boundary layer was tripped by a
singlo roughness element, a wire, at the leading edge of the
flat plate. This method was adopted in preference to the
others because it gave a convenient method of fixing the
point of transition almost at the leading edge of the flat
plate. Thus, any arbitrariness about the length entering
into the calculation of the Reynolds number of the turbulent-
boundary-layer flow is eliminated. That the boundary layer
was really turbulent C1OS6to the leading edge waa confirmed
by u total-head-tube survey in the direction of flow with the.
tube touching the plate. The change from laminar to turbu-
lent flow is then indicated as a sharp rise in total-head loss by
the total-head tube.

RM3ULTS AND DISCUSSfON

Laminar boundary layer.—The direct skin-friction meas-
urements are shown in iigure 14. They covei a range of
Reynolds numbem from about 6X 104to 6X106. In compar-
ing the experimental values with theory, the vahms of the
shearing stress, as indicated by the instrument, were cor-
rected for experimental error due to plate deflection and the
effect of pressure gradient. The method of correction for
plate deflection has been discussed,before. It applied only
to the measurements at the forward location (z=28.6), since
at the rear location there was no deflection of the plate and
supports. The effect of pressure gradient was taken into
account by use of Von lK&rm6n’sintegral relation for the
boundary layer. Since dpjdx was not exactly zero, its magni-
tude was ascertaimd by actual measurement: Figure 15
shows these pressure-gradient measurements. It will be-
noted from figure 16 that at any given value of free-stream
velocity at the point of measurement dp/dxhas very nearly a
constant vahm ovm the entire length of the flat plata Using
this fact, the momentum integral relation may be written for
a giwm point as:

Acl H+2 dp
—=? zC/.

where
ACJ= C,.—Cf

is the differencf3of the local skin-friction coeilicient horn the
Bhuaiusvalue c,&;H, the ratio of dieplacament to momentum

thickness; q=$ pmU1, the dynamic pressure of the free

stream; and dp/dx, the constant pressure gradient over the
flat plate. Thus for fixed valua of z and g, knowing the
pressure gradient and using the Blasius value of H=2.605,
tlm effect of pressure gradient can be estimated. That the
use of the Blasius value for His justified for the purpose of
such calculations may be seen from tho protlles of figure 12,
which show that for the small values of dp/dxthe departure
from the Blasius profile is slight. All the measured valuesof

,c~ shown in figure 14 have been corrected for the effect of
prcasuregradient in the manner outlined above. The magni-
tude of the maximum correction was of the order of 8 percent
in Cfi The agreement with the theoretical straight lima of
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Blasius is seen to be excellent. The experimental points
shown in figure 14 are the results of several observations taken
at diffarent times and to some estant indicate tho repeatabil-
ity of the measurements. Also shown in the same figure are
valuea of cf obtained born the proiiles of figure 12 Ly mess- ,
uring the slope at the wall and correct~~ for the dp/cikeffect.

From the discussion it is evident why the few scattered
experiments on flat-plate. skin friction of lxm give too large
values of Cfi The reason for this is the extreme sensitivity
of the laminar layer to pre9sure gradients. If the presswre
gradient is slightly negative, the layer is stable and laminar,
but the skin friction is too high. If the pressure gradient k
slightly positive, turbulent bursts are likely to appear and
Cfis measured too large again.

Turbulent boundary layer.—The measurements of local
skin friction with turbulent boundary layer on the plate
were also corrected for pressure-gradient affect in a manner
similar to the one adopted for the laminar case. .E’orthe
purpomx of this correction the values of H and o were
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obtained by asmming a power-law velocity proiile in the
boundary layer with a power index of 1/7. The magnitude
of the corrections in this case was of the order of 2 percent
in COSFigure 14 shows the excellent agreement between
the experimental values and the theoretical curve given by
Von KArmtinfor the skin fiction on a flat plate with turbu-
lent boundary layer. This agreement is believed to be
fortuitous to some extent, for the.constrmti,in Von Kfirm$n’s
logarithmic relation

are not predicted by theory but have to be determined from
experiment. The values ‘of A and B, as found from the
present experiments, were –0.91 and 5.06, respectively,
as compared with 1.7 and 4.15 in Von Ktirrnti’s -formula.
This d.ifhrenoein the constants is perhaps to be attributed to
the fact that A and B are not absolute constants but de-
pend somewhat on the conditions of experiment, for example,
on Reynolds number and so forth. One can only conclude
that the logaritbmic formula of Von Kfirmfin is a fair
approximation for incomprwible flow. Because of the
limited range of the tunnel turbubn~boundary-layer flow at
Reynolds numbers higher than 6 X 10’ could not be studied.

CORIPRESSLBLE-FLOWMEASUREMENTS

It was origi.ndy intended to investigate two. simple
representative @pea of viscous compressible flow, namely,
the steady laminar and turbulent flows on an insulated
flat plate with zero prew-we gradient. It has already been
pointed out that even in the incompressibb-flow measure-
ments considerable difficulties were encountered in obtain-
ing experimental conditions which closely approximated the
conditions forming the basis of theoretical analyses. In the
case of the compressible-flow measurements the additional_
limitations imposed by the small size of the wind tunnel and
by the effects accompanying compressibility were sometimes
so severe that they resulted in either changing some of the
original aims or even abandoning them. For instance, it
was highly deirable to obtain skin-friction measurements
for the case of a laminar boundary layer, for which rather
extensive theoretical information is available. 13xperimen-
tally, however, it was found impossible to maintain kminar
flow without rather strong favorable pressure gradients
(see section ‘%aminar-Boundary-Layer Measurements”).
Hence, the me.wuranents in the kninar case had to be
restricted to a single set of measurements of skin fiction
with known pressure gradients. If the following pages”
indicate a lack of completeness and continui~- it is largely
a result of fmtures inherent in’ the phenomenon being
invedigated.

RANGROF~ TUNNZL

The investigations were carried out in the 4 by lo-inch
GALCIT transonic wind tumml. ThiE is a continuously
operating closed-return type of tunnel equipped with air
filter, silica-gel deh@difier, and a flexible mozzle (refer-
ence 21). The Mach number range of @is wind tunnel
extends from about Jil$=o.2.5 to itf= 1.5. Since tdl the

sti-fiction measurements were carried out at a fixed
location of the force-measuring element, the powiblo means
of Reynolds number control were limited to:

(a) Velocity changes
(b) Stagnation-temperature changes
(c) Stagnation-pressure changes

Of these, the last two leave the Mach number unaffected
and hence are very suitable for isolating Reynolds number
eilects from Mach number effects. Unfortunately, the
range of Reynolds number variations possible by these means
was extremaly limited in the present csae, and for all practi-
cal purposes changes in Reynolds number were possible
only through Mach number changes. The qvailablo range
of Reynolds nurnbem was thus con.tined to approxinmtoly
Be=3 XIOS to B6=1.ZX 106. Since experiment~l limita-

tions severely limited the investigation on laminar boundary
layers, the main part of the compressible-flow meaeure-
men~ was confined to turbulent-boundary-layer flow.

EXPBRIMENTtiPROCEDUR%TUBBULRNT BOUNDARY LAYER

The size of the flat plate and the general arrangement dre
shown in figure 6. It will be noticed that the flat plate has
a sharp leading edge, one side of the plate (the mewtig
surface) being parallel to the flow’. For the case of the high-
subsonic-flow measurements (M= 0.2 to 0.8) this con&urR-
tion served to produce turbulent boundary layera starting at
the leading edge of the plate, the stagnation point in this
range being on the surface opposite tQthe measuring surface.
However, in order to remove any doubt regarding the ncduro
of boundary-layer flow for most of the turbulent-boundmy-
layer mwsurements, a 0.005-inchdiameter steel wiro ce-
mented about 02 centimeter from the leading edge of the
plate was used as a trip. Figure 16 shows that the ‘experi-
mental points with and without the wire trip agree very well.
As shown in the sketch (fig. 6), the flat plate does not quite
span the width of the wind tunnel. Previous experience in
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investigating high-speed flow phenomena had indicated that
the side-wall boundary-layer effects were minimized by
shortening the span of two-dimensional models an amount
equal to the displacement thickness of the boundary layer.
In the present case this amounted to approximately % inch
on, either side of the flat plate. Detachable side pieces
could be installed on the flat plate sb that it effectively
spanned the entire span of the tunnel. “ As a matter of pre-
caution skin-friction mewurements were made both with
and without these side pieces’. Figure 16 shows the agree-
ment between these measurements. Figure 17 shows repre-
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sentativo veloci~ profiles measured with a total-head tub6
and computed on the basis of constant energy per unit maw
through the boundary layer. The turbulent-boundary-layer’
skin-friction measurementsshown in @me 16 are the results
of somo eight separate sets of observations. During these
mmsurements every effort was made to eliminate or account
for errors which might affect the reliability of the results.
The following points were especially important.

Pressure gradients.-l?iie 18 shows representative
pressure distributions measured with a static-pressure probe
and an alcohol micromanometer. Since the probe travel
was limited, it was not possible to obtain the pressure distri-
butions over the entire length of the plate. However, it is
bown from previous calibration oheeke of the flow in the
tunnel that the flow is quite smooth, so that the pressure
distributions shown in figure 18 extend continuously in either
direction. A seen in figure 18 the pressure gradients are
quite small but not zero. To estimate the effect of these
small pressure gradients on the mmsured skin friction, use

FM

Oislme from element, X, cm –

(a) M-O.75.

(b) M-O.62

(0) M=O.3L

FIGUEE 18.—Repmmnt.atlvepmssnmdistributionson Set plate with tnvbnknt bonndnry
IWEr. Snpmsonlosow.

was again made of the Von K&rmti, momentum integral.
It was aasumed for these computations that the turbulent-
boundmy-layer profiles could be represented by a power law.
Justification for this is apparent from figure 17. The mo-
mentum ‘integral relation for eompr~ble flow may be
written a9

‘e [(=–3+%7(%9cf=2 ~—

where the symbols have their usu~ meanings. It is vvell-
lmown,that as a fit approximation 0. the momentum thick-
n~, may be said to be umdlected by compressibility effects
(equivalent to an assumption of pu=Constant} Using
this and neglecting the effect of pressure gradients on 0 and
B one may write .

where Ho= (6”/8) ~~ is the shape payuneter for com-
pressible flow and Hi, th6 same for incompressible flow.
AMuming a %-power velocity profile one can use the incom-
pressible-flow values of Oiand Hi given by ‘

.

“H4.286

The eflect of pressure gradient then maybe approximately
determined by writing the integral relation as

where
[ 1Ac~– (2–.M9+H, ;%

AC,=C,—2 ~
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and using the approximate values for H. and Offrom above

1 ‘p fiom figure 18.and –— These calculations show that the
qdx .

mrwinmm error in the local skin-friction coefficient is l=
than 1 percent.

Temperature equilibrium.-In order to realize the con-
dition of zero heat transfer on the flat plate it is extremely
important that thernd conditions be stable during operation
of the wind tunnel. The method of supporting the flat
plate along its center line by a thin strut minimized any
10WS due to conduction. In addition, the measurements
were carried out with the stagnation temperature of the
air in the neighborhood of the room temperature. The

stagnation temperature could be maintained constant b
appro.simately & 1° C. The usual time taken for the skin-
tilction-instrument readings to become steady was of the
order of 2 minutes or so after the tunnel flow and the stag-
nation temperature had stabilized. That conditions on the
flat plate had redy reached the state of zero heat transfer
wae confirmed by a calibrated thermocouple probe touching
the surface of the plate. The thermocouple output was read
by a precision T&da and ~orthrup potentiometer on which
temperature changes of about O.O1° C could be easily
detected. It was foudd that, if any changes in stagnation
temperature were made, iihermrtlequilibrium on the plate
was attained after 2 or 3 minutes of stabilization. During
the period of stabilization the eflect on the skin friction was
observed to be strikingly large. It is for this reason that
tbc.w precautions are stxongly stressed here. As a point of
interest, the temperature recovery on the plate, as indicated
by the thermocouple probe, is shown in figure 19. Also
shown for comparison is the usual empirical relation for
temperature recovery on a flat plate with a turbulent bonnd-
ary layer. The results in &ure 19 are to be regarded only as
of a qualitative nature, since no account is taken of the
effect of the probe itself on the temperature recovery: The
main reason for tbese measurements was to c.oti that
thermal equilibrium had been reached on the plate. On the
basis of these experiments the usual procedure followed was
to let conditions stabilii for over 10 tiutes or so before
recording the skin-friction readings.

Gap flows,-During all the measurements reported here
there was no flow through the gaps separating the force
element from the plate. This was ascertainedby means of an
alcohol U-tube which, for all the reported measurements,
indicated less th?m 0.5 centimeter of alcohol difference h
presure across the gaps between the inside of the shield and
the outside flow. In order to detmnine the degree to which
the skin-friction readings
flow through the gaps, a
desired pressure difference

—
were atlected when there was
teat setup wm” arrarged. Any
could be maintained across the
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gaps by mean~ of a suction-pump arrangement, connectocl
to the inside ‘of the sealed wi&lshield of the skin-friction
instrument. It was found that, with no flow in tho tunml,
prmsure differences of about 5 centimeters of alcohol eausod
an error of about 3 percent in the read@g of the instrument.
This was true regardles9 of the direction of tlie pressure
dHerence. Of cm.rse these values would be sommvlmt
different under actual flow conditions. But they cert~inly
would not change by an order of magnitude rind,since during
the measurements the pressure difference ‘ma always less
than % centime”br of alcohol, only negligible errors could
have been caused.

Errors due to deflaction$ and vibrations.-The effects due
to deflections and vibrations were checked for in a manmm
similar to one adopted during the incornprcssible-flow
measurements. The force element was covered up with w
streamlined shield protecting it from the flow but lmving it
completely free to move. If any deflection of the structure
supporting the instrument ocmirred it would show up as n
reading. A similar effect would be produced in the casciof
imperfect vibration isolation. It was found that the i.nstil-
Iation of the instrument in the ‘wind tunnel was periectly
rigid and that the vibration isoltition and damping ivom
quite adequate, so that no errors were introduced on them
accounts.

Occurrence of transonic regions and shook waves,—The
upper limit (approx. 3.4=0.8) of Mach number for the high-
subwmic-flow measurements reported here waa set by the
appearance of shock -wavesnear the leading edge of the flat
plate. It was found that with the appearance of a transonio
shock at the leading edge of the plate no sudden changes
could be observed in the skin friction at the point of measure-
ment. Nevertheless, in order to retain clean experimental
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conditionE it was decided h restrict the measurements to
flow without shock waves.

Alinement of forae element.—During the course of the
experiments reported here the alimnnent of the force ele-
ment with the rest of the plate surface was periodically
checked optically by means of interference fringes During
the entire period of measurement the aliuement remained
the same to within +11 X104 inch (corresponding to a
fringe movement of one fringe width of cadmium light).

ltmm~ OFMEASUREMENTS FOR TURBULENT BOUNDARY LAYER AT
HIGH-SUBSONIC SPEEDS .

The experimental values of local skin-friction coefficient
as measured by the skin-friction instrument are shown in
figure 16. In computing the skin-friction coefficient and
the Reynolds number, free-stream values of density and
viscosi@ have been used. & seen, the experimental points
lie quite close to (but definitely below) the curve for incom-
pressible flow, showing that the effect of compressibility in
the range of Mnch numbem up to kf=O.8 is quite small but
in the expected direction. The experimental scattar is of
the order of &5 percent about the mean.

As briefly mentioned before, the effect of heat transfer on
the skin friction was found to be quite important. Quantita-
tive measurements of this effect were not possible with the
present equipment, but in general the following effect was
observed: If after equilibrium conditions had been attained
in the wind tunnel the stagnation temp~raturein the settling
chamber was lowered, the skin-friction reding showed a
marked increase. The magnitude of tlis increase seemed to
depend on the rate of hod transfer for it could be controlled
tQ some extent by controlling the rate of cooling of the air
in the settling chamber of the tunnel. Roughly speaking
(for no precise measuranents could be obt&ned), during the
period of had transfer the skin friction changed by about
50 percent of the steady-state (zero-heat-transfer) value.
Raising the stagnation temperature resulted in lower skiu-
friction readings. Upon reattainment of steady ccmdition9,
the skin friction always regained its zero-heat-transfer value.
& indicated by these observations, the resultant effect of
heat transfm from or to the.flat plate is the opposita of what
one expects from theoretical considerations. No explana-
tion has been found for this anomalous behavior.

LAMINAR-BODNDARY-LAYER MRASUREMRNTS

It has been mentioned before that because of experimen-
tal difficulties it was not possible to obtain laminar bound-
ary layers of suilicient extent without favorable pressure
gradients. There are, several reasons for this. Laminar
boundary layers are notoriously sensitive to leadingdge
conditions. For supersonic-flow measurements ~ is neces-
sary to use the type of %alf-wwdge” leading edge employed
in the present experiments (see reference 24). This type of
lending edge is not very suitable for subsonic work, for it
requires the stagnation point to be on the side of the surface
of measurement. In the present setup this would require
the flat plate to bo at a relatively large positive an~e of

attack. This was not fewihle. For the -e of supemonic
flow with an attached bow wave this difficulty would be
obviated. (Actually, in the supersonic-flow measuraumnts
other effects prevented any reliable measurements of skin
friction with laminar boundary layem See section “C?om-
pressible-F1ow lMeasurements.”) As an alternative for ob-
taining lacaiuar boundary layers on the flat plate, a specird
attachment was made for modifying the nose shnpe. As
seen in the accompanying sketch, this served- the earlier-

Nose Otklchm(-... .Xirwlm arcs

...
x.

“-stagnuticmpint ““--Meusurimcjsurface
d not plme

mentioned purpose of fixing the stagnation point whore
desired. With this attachment laminar boundary layel~
could be obtained on the flat plate at low-subsonic Mach
numbers (about AZ= O.3). At higher subsonic Mach num-
bers, however, the disturbance caused by the joint between
the nose attachment and the leading edge of the flat plate
w~ sufficient to cause transition ahead of the point of meas-
urement. In spite of all eflorts to make the joint smooth,
lamimm boundary laye~ could not be maintained past the
force element. The only way Iaminar boundary layers
could be obtained with this configuration was with the help
of stabilizing pressure gradients in the direction of flow.
The favorable pressure gradient was produced by altering
the shape of the wind-tunnel wall opposite the flat plate
with the help of a tapered hardwood block. The scheme is
shown in the wicompanying sketch. The pressure gradients

I
Tunnel ceibg--”’--’

\
------. -------Skin-frMion Inslrumant

! (

+-”\
Tunnel flmx-.. ...-.l-lardwod block...

~. — ,.

prevaling over the flat plate were then mewmred for each
Mach number at which the skin friction was measured.
Representative pressure di&ributions on the flat plate are
shown in figure 20. The skin-friction measurements are
prwented in figure 16. As a point of interest, the e.kin-
friction coefficients are also shown after approximately aUow-
iug for the measured pressure gradient; these points me
seen to be approximately 15 percent above the Blasius curve
for M=O. The calculation of the alp/ok effect was cnrried
out in a manner similar to that, for tho turbulent case.
Although these mwmrements cannot be used for mmpati-
son with the cases computed by theory, they are believed
to be of some value. It will be noticed that, b spite of the
large deviation from the condition of zero pressure gradient
and the crude method for allowing for pressure-gradient
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eflect, the experimental values follow the general trend indi-
cated by lwnimw-boundary-layer theory reasonably closely.

TRANSITION MEASUREMENT

During the attempts to produce lsminar boundary layers
a few measurements of skin fiction were made with @nsi-
tion to turbulent flow occurring on the flat plate. TO the
author’s knowledge direct measurements of local skin friction
in theregionof immsitionhaveneverbeenrepor@d. The meas-
urementspresented here are quite qualitative and do not con-
clusively demonstrate any results. These measurements
were made under conditions of negligible pressure gradients
with the flat-plate leading edge adapted for liuninar flow
(see section “Laminar-BoundaryZayer lMeasurementa”).
Schlieren observation of the boundary layer showed that at
low Mach numbers (about 0.25) the boundary layer was
ltiar from the leading edge up to a distance of approxi-
mately 1 centimeter past the force elenmnt. The corre-
sponding skin friction was quite close to. the Blasius curve
for incompressible flow. Increasing Mach number (and
hence the Reynolds number) had the effect of rapidly in-
creasing the skin fiction until at about .J4=0.6 the measure
ments approached the turbulent vahms. At the same”time
the appearance of the boundary layer in the neighborhood
of the point of measurement could be seen to change grad-
ually from the typical thin, sharply defined laminar bound-
ary layer to a thicker and less sharply defied turbulent one.
These measurements are shown in @ure 21. A little re-
flection will show ‘that the rise in local skin friction as
measured by the instrument and indicated by figure 21”
cannot be esplained even qualitatively by the concept of
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steady transition at a critical Reynolds number, even if one
considers transition to occur over a region and not at a
point. One reasonable explanation may be advanced if
the transition phenomenon is regarded as the result of o
statistical appearance of turbulent spots. This point of
view, that is, that tkere is po “transition boundary layer”
but that the obsened transition region consists of inter-
mittently occurring lfuninar and turbulent flow, was fit
mentioned by Dryden (reference 25) and further substan-
tiated by Liepmann - (reference 26). The occurrence of
transition from this view-point has recently, been discussed
by Professor H. W. Emmons of Harvard University, who
related the intermittent transition phenomenon to Chartera’
contamination and developed from there a phenomenologi-
cal theory of the’ transition zone. Turbulent spots occur-
ring in a random fashion may be regarded to be always
pre9ent in any type of flow. In fully developed turbulent
flow the probability approaches unity. With this picture
of transition the following explanation of the pre9entmeasure-
ment seems to be plausible. When the force element is in
Itisr flow there are hardly any turbulent bursts in the
flow and, if there are, the chance of one traveling across the
element is exceedingly small. As the Iteynolds n~ber
increases the rate of appearance of the turbulent spots ahead
of the element increases rapidly and with it the number
P- ovm the force element. Because of the wmsider-
ably higher shearing forces associated with’ turbulent motion,
the instmment indicates greater skin friction. It may be
mentioned , that during the transition measurements re-
ported here the readings of the instrument were quite stmdy
and repeatable. This is to be expected since, because of

\



the inertia of the force element and linkage, the instrument
redings would not follow rapid fluctuations but indicate
an uverage.

~%EASURJ3MENTSINSmmworncFLOW

Because of experimental difhculties it was possible ti
make measurements of akin fiction in supersonic flow only
for the case of turbulent layers from M= 1.24 to M= 1.44.
Since laminar boundary layers could not be consistently
maintained over the measuring element, no measurements
of kuninar skin friction at supersonic speeds are reported
here. The inability ta maintain laminar boundary layers
over the flat plate was due principally to the small size of
the wind tunnel and does not reflect in any manner on the
skin-friction instrument.

Even in the case of the turbulent-boundary-layer measure-
ments the range of supemonic Mach numbers with attached
nom shock wave on the plate was limited to MS 1.37 to M=
1.44, Below about .M= 1.36 a detached bow wave formed
ahead of the lea% edge. The flow con&ration in the
neighborhood of the nose with a detached shock wave w=
such that an expansion occurred around the leading edge fol-
lowed by a compression shock. Figure 22 is a spark schlieren

fiOUEE Z2.-SoMferon phot%raphof flow Pastfit @h. Wftb deb=hd bOWWOW.

of tti conilgumtion. The second compression shock wave
near the leding edge of the plate is due to the 0.005-inch-
diametir wire used as a trip for the boundary layer. That
there were no sudden changes caused in skin friction due to
the bow-wave detachment may be seen from figure 23 where
the skin-friction measurements are shown in the form of the
ratio C,/C,iwhere Cjis the local measured skin-friction COeili-

cient and c~i,the incomprwsible value for the same Reynolds
number. Some of the subsonic mexummmentsare also shown
in the same figure. During the measurements in supersonic
flow shown in figure 23 it tins not possible to obtain conditions
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of zero pressure gradients in the direction of flow. The Mach

number distribution over tlie plate departed from the re-

quired uniform one to such an extent as to render the results
quite unreliable for comparison with theory. Von KArn&’s
curve for turbulent sti friction in compressible boundary
layer over a flat plate is included in figure 23 only for the sake
of interest. Although the experimental points lie quite close
to this curve, it cannot be concluded that compras~bility
Iowem the local skin-fiction coefficient by an amount given
by Von K&m&n’s empirical curve. The skin-friction meas-
urements presented do, however, represent the actual surface
shearing forces present under the conditions of measurement.

CONCLUDINGREMARKS

It has been shown that an instrument for the direct meas-
urement of local skin friction can be successfully developed
if sufficient c.meis taken.

Measurements of laminar and turbulent skin friction on a
flat plate at zero angle of attack and in low-speed flow gave
excellent agreement with Blxius’ and Von IWmAn’s skin-
friction laws.
‘ Measurements of turbulent skin &iction on a flat plate in
high-speed flow showed that for subsonic flow the skin friction
did not depend much on Mach number though a slight, ex-
pected decrease of the local skin-friction coefficient was
noticeable.

The few m-urememts so far made in supersonic flow (at a
Mach number of approximately 1.4) were taken in the prw-
ence of a pressure gradient and hence are not so easily and
reliably compared with theory asare the other measurements
reported here. The very noticeable decrease in skin friction
is believed to be real. The determination of esact quantita-
tive values, however, requires a thorough check under both
conditions. “

CALIFORNIA IMmmn OF TECHNOLOGY,
PASADENA, CALTF., June 1, 1961.
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